Abstract: Ge-doped higher manganese silicides (HMSs) MnSi 1.72-1.73 :Ge m (m = 0.01-0.04) were prepared and their thermoelectric properties were studied. HMS powders were synthesized by solid-state reaction of raw material powders (Mn, Si, and Ge) at 1273 K for 6 h in vacuum, and hot-pressed at 1173 K for 2 h under 70 MPa. Mn 11 Si 19 or Mn 15 Si 26 was the main HMS phase; only a small quantity of Si remained. The intermetallic compound MnSi was not produced. The lattice constants increased with the substitution of Ge at Si sites. With the increase in the Ge doping concentration, the electrical conductivity increased, while the Seebeck coefficient decreased. The power factor was significantly increased by the Ge doping, owing to the increase in the electrical conductivity. The Ge doping led to phonon scattering owing to the difference in mass between Ge and Si, leading to a reduced thermal conductivity. Therefore, the dimensionless figure of merit (ZT) was remarkably enhanced by the Ge doping. For MnSi 1.72 :Ge m , the maximum ZT of 0.44 was obtained at 823 K for MnSi 1.72 :Ge 0.01 , while for MnSi 1.73 :Ge m , the maximum ZT of 0.37 was achieved at 823 K for MnSi 1.73 :Ge 0.03 .
INTRODUCTION
Higher manganese silicide (HMS) is a promising thermoelectric material for thermoelectric generations at intermediate temperatures, as it is eco-friendly, non-toxic, and has abundant constituents [1] . The HMS has several phases with a Nowotny chimney-ladder (NCL) structure, [2] [3] [4] . This NCL structure belonging to the tetragonal system is composed of a laddershaped sub-lattice of Mn and helical-chimney-shaped sublattice of Si. Among the doping elements of HMS, V, Cr, and Mo substitute Mn sites, while Al and Ge are doped at Si sites.
Among these dopants, Ge is reported as one of the most effective ways to control the transport properties of HMS [1, 5, 6] . Ge doping improves the power factor (PF) by increasing the charge carrier concentration and induces point defects by changing the electronic structure, thereby reducing the lattice thermal conductivity through enhanced phonon scatterings [7] [8] [9] [10] . Lee et al. However, the thermal conductivity can be increased owing to the secondary phases (MnSi and Si) and self-defects (Si vacancies), usually generated in the synthesis of the doped HMS [9] . In order to achieve high ZT values, secondary phases and self-defects should be suppressed. The distribution of the plate-like MnSi was confirmed when molten HMS was solidified during quenching [10] .
Therefore, in order to inhibit the formation of the MnSi phase, solid-state synthesis processes have been employed, such as mechanical alloying (MA) [11, 12] and SSR [1, 10, 13] . In our previous studies [14, 15] , the formation of secondary phases could be suppressed by SSR; Al-and Crdoped HMSs were successfully synthesized by SSR. In this study, Ge-doped HMS powders (MnSi (2) where k B is the Boltzmann constant, e is the electron charge, h is the Planck constant, m * is the effective carrier mass, T is the absolute temperature, n is the carrier concentration, and μ is the mobility. The thermal conductivity (κ) was evaluated 
The PF and ZT were evaluated from the measured thermoelectric parameters using Eqs. 4 and 5:
3. RESULTS AND DISCUSSION Figure 1 shows the XRD patterns of MnSi :Ge m powders synthesized using SSR.
and MnSi 1.73 :Ge m are shown in Table 1 . The lattice constants increased with the Ge content owing to the difference in covalent radius between Ge (0.122 nm) and Si (0.117 nm) [6] ; the increase along the c-axis was larger than that along the a-axis. Therefore, the SSR-HP processes are suitable to fabricate the Ge-doped HMSs, as reconfirmed in this study. Ge m specimens sintered using HP, and (b) and (c) enlarged XRD peaks showing the peak shifts due to Ge doping. :Ge m .
CONCLUSION

